In monocots, starch branching enzyme II (BEII) was functionally differentiated into BEIIa and BEIIb after separation from the dicots, and in cereals BEIIb plays a distinct role in amylopectin biosynthesis in the endosperm. The present study was conducted to examine to what extent a green algal BEII has an overlapping function with BEIIb in starch biosynthesis by introducing the Chlorella BEII gene into an amylose-extender ( ae ) mutant of rice. Chlorella BEII was found to complement the contribution of the rice endosperm BEIIb to the structures of amylopectin and starch granules because these mutated phenotypes were recovered almost completely to those of the wild type by the expression of Chlorella BEII. When the recombinant BE enzymes were incubated with the rice ae amylopectin, the branching pattern of Chlorella BEII was much more similar to that of rice BEIIb rather than rice BEIIa. Detailed analyses of BE reaction products suggests that BEIIb and Chlorella BEII only transfer chains with a degree of polymerization (DP) of 6 and 7, whereas BEIIa preferably transfers short chains with a DP of about 6-11. These results show that the Chlorella BEII is functionally similar to rice BEIIb rather than BEIIa.
Introduction
Starch branching enzyme (BE) catalyzes the formation of α -1,6-glucosidic linkages of amylopectin during starch biosynthesis. Plants have two types of BE, BEI and BEII, which have distinct structures and enzymatic properties ( Martin and Smith 1995 , Nakamura 2002 ) . BEI and BEII can be distinguished from each other in terms of their reactivities to chemicals such as cyclodextrins ( Vikso-Nielsen and Blennow 1998 ) and phosphorylated compounds ( Morell et al. 1997 ) , temperature responses ( Takeda et al. 1993 ) , association with starch granules ( Mu-Forster et al. 1996 ) and expression patterns during development of reserve tissues ( Mizuno et al. 1993 , Burton et al. 1995 , Morell et al. 1997 , Ohdan et al. 2005 . BEI and BEII also exhibit different kinetic parameters for various α -glucans. In vitro experimental results showed that maize BEI preferentially branches amylose-type fewer branched glucans whereas BEII has a higher capacity for branching amylopectin-type highly branched glucans , Takeda et al. 1993 , Guan et al. 1997 . Guan et al. (1997) further defi ned the differences in the size of chains transferred between maize BEI and BEII, and showed that BEI predominantly transfers longer chains with a degree of polymerization (DP) of > 10, while BEII preferentially transfers shorter chains with a DP of 3-9, with the most abundant chains being DP 6 and 7.
Recent biochemical studies using various mutants of rice in which BEI ( Satoh et al. 2003b ) or BEIIb ( Nishi et al. 2001 ) is defective, and transgenic rice plants in which the BEIIb expression level is varied ( Tanaka et al. 2004 ) , strongly suggest that BEI plays a role in transferring longer chains which eventually link multiple clusters of amylopectin, and middlesize chains which are located in the amylopectin amorphous lamellae, whereas BEIIb specifi cally transfers short chains which are present presumably in the crystalline lamellae of amylopectin (for a review, see Nakamura 2002 ) . Chain length distribution analysis of a BEIIa-defi cient mutant of rice ( Nakamura 2002 , Satoh et al. 2003a suggests that BEIIa supports partially, but not predominantly, the function of BEI and BEIIb, although BEIIa plays the predominant part of BEIIb in leaves in which BEIIb is not expressed. These results apparently contrast with the observation by Guan and Preiss (1993) that maize BEIIa and BEIIb have the same kinetic parameters for amylose and amylopectin.
In contrast to the functional differentiation between BEIIa and BEIIb in monocots, no such functional differentiation of BEII-type isozymes has been found in dicots ( Han et al. 2007 ) . It is unclear whether BEII in dicots or green algae is more similar to BEIIa or BEIIb in monocots or is an intermediate between them, although phylogenetic analysis shows that a dicot BEII does not belong to the BEIIa or the BEIIb subfamily ( Han et al. 2007 ; see also Fig. 1 ). Based on these results, Han et al. (2007) proposed that BEIIa and BEIIb differentiated in monocots after the division into monocots and dicots.
The present investigation has been conducted to examine to what extent the function of BEII in the green alga Chlorella overlaps that of a monocot BEIIb. The Chlorella BEII gene was introduced into a rice amylose-extender ( ae ) mutant defective in BEIIb. By analyzing how and to what extent the ae phenotypes in the seeds and starch were complemented in the transformant, we aimed to gain some insights into the metabolic role of Chlorella BEII and rice BEIIb in amylopectin biosynthesis and the effects of the structure of amylopectin on starch morphology and physicochemical properties. In this report, we also directly examined the BE reaction characteristics via in vitro experiments by incubating the recombinant Chlorella BEII and rice BEIIb, BEIIa, and BEI with ae amylopectin prepared from rice ae mutant endosperm because we believe that amylopectin is a more appropriate substrate than amylose to examine the physiological roles of BE isozymes.
Results

Phylogenetic analysis of BE from higher plants, algae and bacteria
It is known that higher plants have two BE types, BEI or BE-B and BEII or BE-A, and cereals have a further two distinct BEII subtypes, BEIIa and BEIIb ( Martin and Smith 1995 , Nakamura 2002 , Ball and Morell 2003 . Our molecular phylogenetic trees indicate that the monocot BEII family can be clearly divided into BEIIa and BEIIb subfamilies, whereas dicot multiple BEII isozymes, if any, cannot be separated into distinct subfamilies ( Fig. 1 ) . The green alga, Ostreococcus tauri , has one BEI-type and two BEII-type isozymes, but the O. tauri BEIIs as well as dicot BEIIs do not belong to either the BEIIa or BEIIb subfamily ( Fig. 1 ) . Since Chlorella kessleri BE is classifi ed as a member of the O. tauri BEII family, but not the green plant BEI family, the Chlorella BE was defi ned as being of the BEII type. However, it is noted that C. kessleri BEII does not belong to the monocot BEIIa subfamily, and also not to the monocot BEIIb subfamily, but forms a distinct subfamily including BEII types from green algae such as O. tauri and Chlamydomonas reinhardtii .
Generation of transgenic plants
To examine to what extent Chlorella BE can complement the function of BEIIb in starch biosynthesis of rice endosperm, the Chlorella gene was introduced into the BEIIb-defi cient ae mutant EM10 ( Nishi et al. 2001 ) , which was derived from japonica -type rice cv. Kinmaze ( Fig. 2 A) . We examined phenotypic changes of 15 individual T 0 progeny lines, and found that the dry weights of the mature T 1 seeds of three lines (Nos. 5, 11 and 13) were signifi cantly increased as compared with those of the ae mutant ( Fig. 2 B) . We also found that the seeds of these three lines contained Chlorella BEII protein and had a very similar amylopectin chain profi le to the wild type (data not shown). The chain length distribution pattern and the levels of Chlorella BEII protein as well as the seed weight were similar among these lines. Ten randomly chosen T 1 seeds of T 0 line No. 5 were grown in the greenhouse and their T 2 seeds were examined for further analysis of phenotypes. The homozygous phenotype was inherited in the seeds of the 5-6 line in the following generation, and the biochemical and morphological analyses were performed using the maturing seeds at the mid-milky stage or mature seeds in the T 3 generation (No. 5-6-1) in this study.
Phenotypes in the rice kernels of the ae transformants
Our previous report ( Nishi et al. 2001 ) showed that the ae mutant EM10 has a chalky appearance in the cross-section of its seed ( Fig. 3 B) and a decreased size ( Fig. 3 B) and dry weight ( Figs. 2B , 3A ) of the seed. All the independently chosen individual seeds of the transgenic line No. 5-6-1 returned to the same transparent appearance as the wild type in the cross-section of the seeds from the chalky appearance in the host plant EM10 ( Fig. 3 B) , and the seed weight of the homozygous No. 5-6-1 line was increased, and was similar to that of the wild type. The result shows that Chlorella BE complemented at least signifi cantly the specifi c role of BEIIb in starch synthesis of rice endosperm ( Nishi et al. 2001 ) .
Although the dry weight of dehulled grain in the ae mutant EM10 was signifi cantly lower (13.7 ± 2.3 mg) than that of the wild-type cultivar (21.5 ± 1.5 mg), that in the transformant (20.4 ± 1.6 mg) was recovered as being at the same level as the wild type ( Fig. 3 A) . This result indicates that the function of BEIIb in rice endosperm can be replaced by Chlorella BE. It is thought that the T 1 seeds analyzed in Fig. 2 were segregated into ae homozygote, complement homozygote and heterozygote. This is probably the main reason for the variation in grain weight compared with that in the T 3 complement homozygote in Fig. 3 .
The structures of the endosperm amylopectin and morphological and physicochemical properties of the starch granules in the ae transformants BEIIb plays a specifi c role in formation of branches in the crystalline lamellae of the amylopectin cluster in rice endosperm ( Nishi et al. 2001 , Nakamura 2002 . Hence, in the ae mutant amylopectin of rice, short chains of DP ≤ 13 markedly decrease while cluster linking of long chains (B2-B3 chains) of DP ≥ 37 greatly increases ( Nishi et al. 2001 ) . Fig. 4 shows that Chlorella BE caused the amylopectin chain profi le in the transfomant to become very similar to that of the wild type compared with that in the host plant, the ae mutant EM10.
To test the effects of introduction of the Chlorella BEII gene into EM10 on the morphological properties of starch granules, scanning electron microscopy (SEM) observations were compared between the transformant and the ae mutant as well as the wild type ( Fig. 5 ) . Although the ae mutant EM10 contained smaller sized starch granules compared with the wild-type granules, the tranformant had normal starch granules of a slightly smaller size as compared with the wild type.
The ae starch granules are known to be highly resistant to thermal gelatinization ( Shannon and Garwood 1984 , Dumez et al. (2006) . Deduced amino acid sequences of BEs were used as queries for BLAST analysis ( http://www.ncbi.nlm.nih.gov/BLAST ) to obtain related sequences showing similarity to these enzymes. These sequences were aligned using the program Clustal X ( Thompson et al. 1997 ) , and phylogenic analysis was performed by the neighbor-joining method. The radial tree was drawn using TreeView. BEs from green algae are demonstrated in green letters. Nishi et al. 2001 ) . In fact, the starch granules in EM10 endosperm had a higher gelatinization onset temperature (67.0 ° C) than the wild type (55.8 ° C) ( Table 1 ). However, the transformed line 5-6-1 had starch granules with a similar temperature of gelatinization onset (57.0 ° C) to the wild type ( Table 1 ) .
We previously reported that the starch granules of rice ae mutants have a B-type X-ray diffraction pattern while those of the wild type show a typical A-type pattern ( Nishi et al. 2001 , Tanaka et al. 2004 . Remarkably, Fig. 6 shows a typical A-type diffraction pattern in the starch granules from the transformant.
All these results establish that Chlorella BE can be very effective to convert morphological and physicochemical properties typically found in the ae mutant starch granules to those in wild-type starch, indicating that Chlorella BE can complement the function of BEIIb in the synthesis of amylopectin and starch granules.
The activity level of Chlorella BEII as compared with that of BEIIa in the ae transformants
It is important to clarify whether the BEIIb-defi cient phenotype in the fi ne structure of amylopectin of rice ae mutant endosperm is due to the functional difference in amylopectin biosynthesis between BEIIb and BEIIa or simply due to the much lower activity of BEIIa as compared with that of BEIIb in endosperm. We previously showed that the former is probably the case because the manipulation of the expression level of BEIIb generates a variety of fi ne structures of amylopectin in spite of the constant level of the BEIIa activity in transgenic rice endosperm (Tanaka et al. 2005) . In this study, the activity of Chlorella BEII expressed in the ae transformant was found to be much lower than that of rice BEIIa ( Fig. 7 ) . The phenomenon can only be explained by assuming that Chlorella BEII is similar to BEIIb in forming the amylopectin structure, but BEIIa has no such overlapping effect.
Comparison of properties of BE among rice BE isozymes and Chlorella BE
In an attempt to characterize the branching properties of the three rice BE isozymes and Chlorella BE, their recombinant proteins were incubated with amylopectin prepared from the rice ae mutant line EM10, and the chain length distribution of these products debranched with bacterial isoamylase and pullulanase was analyzed by the capillary electrophoresis method. Since every chain was labeled with a fl uorescent probe, 8-amino-1,3,6-pyrenetrisulfonic acid, at its reducing end in this method, the distribution of the product was detected on a molar basis ( O'Shea and Morell 1996 ) . Since in principle no change occurs in the amount of total glucose molecules before and after the BE reaction, this method is ideal to characterize the chain length preference of each BE isozyme. In contrast, in past investigations, the debranched chains were mainly quantifi ed by a pulsed amperometric detector, but it is known that this method of detection is not fully quantitative with regard to linear malto-oligosaccharides with different DP values. The chain length patterns after the three rice BE enzymatic reactions were dramatically different from each other ( Fig. 8A ). BEIIb and BEIIa selectively produced short chains with DP 6 and 7, and DP 6, respectively, whereas the amount of the DP 6 chain formed by BEI was not marked compared with the BEII isozymes. It is also noted that the BEIIb activity formed two distinct peaks, the fi rst peak containing chains of DP 6 and 7 and the second peak including chains of DP ≥ 8. In contrast, after the BEIIa reaction, no distinct peak including chains of DP ≥ 8 was formed, although the chain of DP 6 was markedly increased.
To analyze more clearly the preferences of the three BE isozymes for chain branching, the subtraction of each chain distribution of the substrate glucan ( ae amylopectin) from that of products after the incubation with each BE isozyme is presented in Fig. 8B , since it shows to what extent each chain was increased or decreased by the BE enzymatic reaction. In principle, when the BE reaction proceeds, the proportion of the transferred chains is the same as that of the residual chains which remain after the hydrolysis of the substrate chains followed by transfer of the chains residing in the non-reducing side of the substrate chains, although it is impossible to distinguish the transferred chains from the residual chains with this methodology. Fig. 8B clearly shows the difference in the chain transfer reaction between BEII and BEI. The increase was only found in short chains from DP 6 to DP 11 for BEII, while BEI increased intermediate chains of DP 29-38 as well as short chains of DP 6-12.
The results shown in Fig. 8A and B indicate that the chain length profi le of the Chlorella BEII reaction products was much more like the rice BEIIb reaction products rather than the BEIIa reaction products.
Discussion
BEIIa and BEIIb are structurally and functionally differentiated in monocotyledonous plants, whereas dicotyledonous 
Fig. 7
The measurement of BE activities in developing endosperm of the rice ae transformant. The crude enzyme extract prepared from the developing endosperm was separated by DEAE chromatography, and each fraction was subjected to the native-PAGE/BE activity staining method, as described previously ( Nishi et al. 2001 ) and in the Materials and Methods.
plants usually have one type of BEII, although some dicots have two BEII isoforms with similar structure and function ( Han et al. 2007 ). This fact suggests that BEIIb was differentiated in the monocots after the division occurred into monocots and dicots. In cereals, BEIIb is generally specifi cally expressed in endosperm while BEIIa is known to be ubiquitously present in plant tissues. Since BEIIb plays a specifi c role in formation of short chains within the amylopectin cluster during starch synthesis ( Nishi et al. 2001 ) , it contributes to a distinct structure of amylopectin in the tissues in which BEIIb is expressed. Our previous studies have revealed that, fi rst, the formation of branches by BEIIb in the region of crystalline lammelae within the amylopetin cluster is specifi c and this function is not complemented by BEIIa, since in ae mutant endosperm amylopectin is depleted in these branches and therefore the number of chains in each cluster is markedly decreased ( Nishi et al. 2001 , Nakamura 2002 , Tanaka et al. 2004 ). Secondly, BEIIb greatly infl uences the physicochemical properties of starch granules because in its absence starch granules became resistant to gelatinization, and this is due to changes in the structure of amylopectin in the ae mutation ( Nishi et al. 2001 , Tanaka et al. 2004 ). Thirdly, BEIIb determines the X-ray diffraction pattern because the ae mutant starch has a B-type pattern while wild-type starch has an A-type pattern. These observations indicate a distinct role for BEIIb in the formation of structures of amylopectin and starch granules, although the activities of BEI and BEIIa are present at higher and the same levels, respectively, as compared with that of BEIIb in rice endosperm ( Yamanouchi and Nakamura 1992 , Ohdan et al. 2005 ).
Numerous studies from Ball's laboratory have reported that green algae synthesize starch and the composition of starch-synthesizing genes is very similar to that in higher plants ( Ball and Morell 2003 ) . Ostreococcus tauri and C. reinhardtii , both unicellular green algae, are known to have both BEI-type and BEII-type enzymes ( Dumez et al. 2006 ) . However, it is unknown whether the BEII type in the green algae has a function in starch synthesis which is more similar to the function of either BEIIa or BEIIb.
The present results showed that the introduction of the Chlorella BE gene complemented all the ae phenotypes examined to almost the same levels as those of the wild type, namely in terms of the chain length distribution of amylopectin ( Fig. 4 ) , the seed appearance and weight ( Fig. 3 ) , the size of starch granules ( Fig. 5 ), thermal properties ( Table 1 ) and X-ray diffraction pattern ( Fig. 6 ) of starch granules. These results indicate that Chlorella BE can almost completely replace BEIIb in starch biosynthesis in rice endosperm, suggesting that Chlorella BE is functionally similar to rice BEIIb.
To reveal whether Chlorella BE has similar branching characteristics to rice BEIIb, the products generated after the enzymatic reactions of these recombinant proteins and ae amylopectin were analyzed and these results were compared with those of the recombinant OsBEIIa or OsBEI. The results presented in Fig. 8B are consistent with the idea that BEIIa and BEIIb as well as Chlorella BEII only transfer short chains by reacting with the α -1,4 linkages of outer chains. Bertoft and Koch (2000) reported that the chain length distribution curve of rice amylopectin fi ts almost completely that obtained after its treatment with β -amylase in the DP range of 18-32 when a DP value of 10 is added to each chain (B-chain) of the latter. A similar result was obtained with the chain length profi le for ae amylopectin which was used as substrate for the BE reactions in the present study (data not shown). These results strongly suggest that there are no specifi c long chains with a free long non-reducing end. The fact that the intermediate size chains of DP 29-38 were increased by BEI reaction ( Fig. 8B ) is consistent with the idea that BEI can form these intermediate size chains by attacking the α -1,4 linkages of the inner long chains as well as short chains of DP 6-12.
Up to now any in vitro analyses have been unsuccessful in showing clearly that BEIIa and BEIIb play different roles in starch biosynthesis in storage organs of cereals (Mizuno et al. 2001) , although in vivo studies clearly indicate the difference in contribution to amylopectin biosynthesis between the two ( Nishi et al. 2001 , Nakamura 2002 , Yao et al. 2004 . Fig. 8A and B shows that the pattern of chains transferred after the reaction between OsBEIIb and ae amylopectin differed signifi cantly from that between OsBEIIa and ae amylopectin, indicating that the difference in their roles in amylopectin synthesis is due to the difference in enzymatic properties between BEIIb and BEIIa. When recombinant OsBEIIb was reacted with ae amylopectin for 1 h, the increases in chains with DP 6 and 7 accounted for 90.5 % of the total increases of chains, and the rest of the increased chains had DP 8-10 ( Fig. 8B ). The ratio of the increase in chains of DP 7 to that of DP 8 was 12.8 after the recombinant OsBEIIb reaction for 1 h. The simplest explanation of these results is that almost all of the donor segments (the transferred chains) of the donor chains produced by recombinant OsBEIIb have DP 7 and 6, while the major residual segments of the donor chains have DP 8-17, according to the nomenclature of Borovsky et al. (1976) . On the other hand, after the BEIIa reaction the increase in chains of DP 7 was comparable with that of DP 8 and 9, and hence the extent of increases in chains of DP 8-11 reached up to about 35 % of the total amount of increased chains ( Fig. 8B ). The ratio of the increased chains of DP 7 and DP 8 by BEIIa was calculated to be 1.5, while that by Chlorella BEII was 5.2. In summary we assume that BEIIb selectively transfers the chains of DP 7 and DP 6 by recognizing the α -1,4 chain lengths from the non-reducing side of the donor chains, whereas BEIIa transfers short chains with a broader range of DP of possibly 6-11 although the chain of DP 6 is transferred most effectively.
Analysis of the chain length profi le of the products obtained after the Chlorella BEII reaction indicate that the function of Chlorella BEII is much more similar to that of BEIIb as compared with that of BEIIa ( Fig. 8A , B) .
These results are consistent with the hypothesis which was proposed by Nishi et al. (2001) and Nakamura (2002) that BEIIb plays a specifi c role in the formation of short A and B chains on which branches are present in the crystalline lamellae of the amylopectin cluster, and can explain the fact that Chlorella BE is able to substitute for BEIIb during amylopectin synthesis in rice endosperm ( Fig. 4 ) . Based on these results, we hypothesize that in maturing rice endosperm where starch is synthesized at a high rate, the uniformity of length of branched chains formed by BEIIb might be important for formation of the same fi ne structure of clusters in amylopectin molecules by facilitating synchronized action of each starch synthase (SS) isozyme because activities of rice SSI ( Fujita et al. 2006 ) , SSIIa (Nakamura et al. 2005) and SSIIIa ( Fujita et al. 2007 ) are highly dependent on the chain lengths of substrate chains for their elongation capacity.
The molecular phylogenetic analysis of amino acid sequences of BEs ( Fig. 1 ) shows that it is not possible to judge whether Chlorella BEII is more similar to the cereal BEIIa type or BEIIb type. In fact, the functional similarity of Chlorella BEII to rice BEIIb, but not to rice BEIIa, cannot be related to their amino acid sequences because Chlorella BEII is 62 % identical to BEIIb and 59 % identical to BEIIa. It is known that BEIIb is more easily bound to starch granules than BEIIa in wheat endosperm ( Rahman et al. 1995 ) and maize endosperm ( Mu-Forster et al. 1996 ) . Since starch synthesis proceeds at the periphery of starch granules during the development of the granule size, the enzyme components which are actually functional might be loosely or tightly associated with starch granules and/or form a proteinprotein complex with other enzymes during the synthesis of starch ( Tetlow et al. 2004 ). This might explain why no significant contribution of rice BEIIa to starch synthesis is seen in rice endosperm because a single BEIIa mutation does not cause any phenotypic changes in starch synthesis of rice endosperm ( Nakamura 2002 , Satoh et al. 2003a ).
Materials and Methods
Cloning and sequencing of cDNA encoding Chlorella BE
A cDNA fragment of Chlorella BE was generated by PCR with the fi rst-strand cDNA prepared from poly(A) + RNA of C. kessleri using primers [upstream primer, 5 
The PCR product was used as a probe for screening of clones from a C. kessleri cDNA library in λ ZapII. Eight positive clones were selected and these DNA sequences were determined, as described previously . By comparing these sequences, a full-length cDNA covering C. kessleri BE with a sequence of 881 amino acids in the coding region was determined.
Generation of transgenic plants
Binary vector and gene construction. The pBluescript II SKplasmid containing on its Eco RI site the 3,827 bp C. kessleri cDNA fragment including the 2,643 bp BE coding region ( Oyama 2004 ) was prepared. The fi rst 47 amino acids of the coding region were predicted by ChloroP to comprise the chloroplast targeting signal sequence, leaving a 834 amino acid mature BE protein. The Xba I-Spe I DNA fragment containing the endosperm-specifi c glutelin B1 promoter ( Wu et al. 1998 ) excised from its pCRII vector plasmid was inserted into the same restriction sites upstream of the Chlorella BE gene in the pBluescript II SK-/Ck BE plasmid. The resulting plasmid, pGluB1pro/Ck BE, was used as a template for megaprimer PCR with the forward primer tcaatt agCTTAAGtttccataagcaagtacaaatagctatgcagtcacagctagg gatgcttcagcacagcactacttcagc (containing a Bfr I site, upper case) and the reverse primer tagccttgtgtgaacttttccaggcctc cctcattctgatcg to generate a PCR product (containing two Bfr I sites) where the ATG start codon of the gluB1 gene becomes that of the C. kessleri BE gene. The PCR product was then trimmed by Bfr I digestion and used to replace the corresponding Bfr I fragment of the template plasmid pGluB1pro/Ck BE. The fused gluB1 promoter-Chlorella BE coding region was excised as an Xba I-Xho I fragment and used to replace the corresponding fragment containing the GVG gene from the binary vector pINDEX4 ( Ouwerkerk et al. 2001 ) , which was optimized for use in rice transformation. The fi nal plasmid construct, named pCRGB1-ChlBE, was used to transform competent cells of Agrobacterium tumefaciens EHA105 (Hood et al, 1993) . Transformants were selected in LB-agar plates supplemented with 50 µg kanamycin ml − 1 of the medium.
Callus transformation and selection . Calli of a rice BEIIbdefi cient ae mutant line EM10 were generated from sterile seeds and transformed with recombinant A. tumefaciens EHA105 carrying the plasmid pGluB1pro/Ck BE following the method outlined by Toki (1997) . Selection of transformants and callus regeneration were done on hygromycin plates in growth chambers with constant temperature of 28 ° C. Plantlets, upon reaching shoot and root lengths of about 3 cm, were transferred into 15 cm tall, 2 cm i.d. glass cylinders containing hormone-free medium, grown for another week, hardened in the glasshouse for 3 d, then transplanted into 20 cm tall, 16 cm i.d. Wagner pots fi lled with paddy soil.
A total of 15 independent T 0 progeny lines were grown in a greenhouse which was programmed for 60 % relative humidity and a constant temperature of 30 ° C under natural daylight conditions. Ten randomly chosen T 1 seeds of a T 0 line No. 5 were grown in the greenhouse and their T 2 seeds were examined for further analysis of phenotypes. One line No. 5-6-1 was used for further analysis as the representative transgenic line.
The chain length distribution of debranched α -glucans
The chain length distribution of α -glucans from transformants (T 1 , T 2 and T 3 seeds), Kinmaze and EM10 were determined according to the capillary electrophoresis method ( O'Shea and Morell 1996 ) using the P/ACEMDQ Carbohydrate System (Beckman Coulters, Fulleton, CA, USA).
Preparation of starch from rice endosperm
The whole dried seeds of transformants (T 3 seeds), Kinmaze and EM10 were de-hulled, and 10 % of the outer seed layer was removed using a rice polisher (Kett, Tokyo, Japan). The polished rice was powdered in a mortar and fi ltered through a 150 µm mesh. The fi ltered powder (0.5-1.0 g) was then suspended in 10 ml of methanol and boiled for 10 min. The homogenate was centrifuged at 2,500 × g for 10 min at 20 ° C. The precipitate was washed twice with 5 ml of 90 % (v/v) methanol. The dried precipitate was resuspended in 15 ml of distilled water and stirred gently for 20 min at room temperature. The suspension was centrifuged at 600 × g for 20 min at 20 ° C. The precipitate was dissolved in 15 ml of water and centrifuged. The precipitate was washed again with 15 ml of distilled water and stirred again for 20 min at room temperature and centrifuged. The resulting precipitate, defi ned as starch, was washed by methanol and dried under reduced pressure. The precipitate was referred to as starch. The starch preparation was used for SEM observation and analyses of X-ray diffraction pattern.
Thermal properties of starch granules
Dried rice grain was de-hulled, crushed with pliers and handhomogenized using a mortar and pestle. Gelatinization properties of the starch granules were analyzed by a differential scanning calorimeter (DSC-6100, Seiko Instruments, Tokyo, Japan). The heating rate was 2 ° C min − 1 over a temperature range of 5-90 ° C.
X-ray diffraction of starch
For X-ray diffraction pattern measurements, insoluble glucans isolated using the above method were equilibrated in a 100 % relative humidity chamber for 24 h at room temperature. The X-ray diffraction patterns of starch were obtained with copper, nickel foil-fi ltered, K α radiation using a RINT2000 diffractometer (Rigaku, Tokyo, Japan) at 50 kV and 27 mA. The scanning region of the two-theta angle (2 θ ) was from 4.0 to 40.0 ° with a scan speed of 0.3 ° C s − 1 .
SEM observation
Insoluble glucans isolated using the above method were washed three times with 2 % SDS, six times with 100 ml of distilled water, twice with 100 % methanol, and dried. The morphology of starch granules was examined by a scanning electron microscope (JEOL-5600, Tokyo, Japan).
The measurement of activities of BE isozymes and Chlorella BEII in developing endosperm of the ae transformant which were separated by anionexchange chromatography Thirty developing grains from the ae transformant line No. 5-6-1 at the late-milking stage were dehulled and homogenized in 1.5 ml of medium A [50 mM imidazole, pH 7.4, 4.8 mM MgCl 2 , 500 mM 2-mercaptoethanol, 12.5 % (v/v) glycerol] using a pre-chilled mortar and pestle. The homogenate was centrifuged at 10,000 × g at 4 ° C for 20 min. The resulting supernatant (1.35 ml) was passed through a 0.45 µm fi lter and loaded onto a DEAE-5PW anion-exchange HPLC column (75 mm in length × 7.5 mm in diameter, Tosoh Corporation, Tokyo, Japan), which had been equilibrated with medium B [50 mM HEPES-NaOH, pH 7.4, 8 mM MgCl 2 and 50 mM 2-mercaptoethanol, 12.5 % (v/v)]. The column was washed with medium B, followed by a linear gradient of 0-0.75 M NaCl in medium B for 45 min at a fl ow rate of 1.0 ml min − 1 , and fractions were taken at 1 min intervals from 0 to 30 min after the start of the linear gradient. A 10 µl aliquot of each of these fractions was applied to a native polyacrylamide gel. The BE activity was measured as described previously ( Nishi et al. 2001 ).
Construction of plasmid for expression of BEs and overproduction of BE protein in Esherichia coli
The DNA fragment encoding Chlorella BEII mature protein was generated by PCR with forward primer 5 ′ -tcgcgatatccga ctcaccgagcaacgagacgctg-3 ′ and reverse primer 5 ′ -tttgagctcg agtcagaacccgtagggccccaggcccttcac-3 ′ . The PCR product was digested with Eco RV-Xho I and was inserted into pET32b (Novagen, Madison, WI, USA). The DNA fragment encoding rice BEI (OsBEI) mature protein was generated by PCR with forward primer 5 ′ -tatgttaaccatggtgactgttgtggaggaggtcgacca ccttcc-3 ′ and reverse primer 5 ′ -agggtacctgcagtcatttgcagtctt cgtcagaagacc-3 ′ . The PCR product was digested with Hpa IPst I and was assembled with the Psh A1-Pst I fragment of pET44b (Novagen). The DNA fragment encoding rice BEIIa (OsBEIIa) mature protein was generated by PCR with forward primer 5 ′ -tatgttaaccatggtgactgttgtggaggaggtcgaccacct tcc-3 ′ and reverse primer 5 ′ -aagggccctcgagttagtcctctgtaagtg catacacg-3 ′ . The PCR product was digested with Hpa I-Xho I and was assembled with the Psh A1-Xho I fragment of pET44b (Novagen). The DNA fragment encoding rice BEIIb (OsBEIIb) mature protein was generated by PCR with forward primer 5 ′ -atttaaatgccggcggcgggcgcgtcaggggaggtgatgatcc-3 ′ and reverse primer 5 ′ -cacgtgggcccgtcgactcattccgctggagcatagaca acg-3 ′ . The PCR product was digested with Nae I-Sal I and was assembled with the Psh A1-Sal I fragment of pET44b (Novagen). The OsBEIIb fragment containing all of the tag sequence of pET44b was transferred to pColdIII (TAKARA SHUZO CO., LTD., Ohtsu, Japan), because the OsBEIIb protein level in E. coli was low when its gene was inserted into pET44b.
All of these plasmids were incorporated into E. coli AD494 (DE3) pLysS strain (Novagen). The transformed cells were incubated into 10 ml of Luria broth containing 100 µg ml − 1 of chloramphenicol and 15 µg ml − 1 of kanamycin overnight at 37 ° C. A 10 ml aliquot of the pre-culture medium was incubated into 1 liter of Luria broth containing 100 µg ml − 1 of ampicillin, 34 µg ml − 1 of chloramphenicol and 15 µg ml − 1 of kanamycin at 37 ° C. When the optical density at 600 nm (OD 600 ) of the OsBEI culture medium reached 0.6, OsBEI protein was induced by the addition of 1 mM isopropyl-β -Dthiogalactopyranoside (IPTG) followed by incubation at 37 ° C for 3 h. When the OD 600 of OsBEIIa and Chlorella BEII culture media reached 0.6, both proteins were induced by the addition of 1 mM IPTG followed by incubation at 25 ° C for 20 h. When the OD 600 of the OsBEIIb culture medium reached 0.6, the culture was incubated at 15 ° C for 30 min, and the OsBEIIb protein was induced by the addition of 1 mM IPTG followed by incubation at 15 ° C for 20 h. The cells were collected by centrifugation at 7,000 × g for 10 min. The collected cells were stored at -80 ° C until use.
Partial purifi cation of BEs proteins overproduced in Esherichia coli
All the procedure was performed at 0 ° C. Each liter of the frozen cells of the above culture were suspended in 50 ml of Medium A including 50 mM imidazole-HCl (pH 7.4), 8 mM MgCl 2 , 1 mM dithiothreitol (DTT) and 12.5 % glycerol. The cells were lysed by sonication and lysed cells were centrifuged twice at 10,000 × g for 30 min. The supernatant was applied to a HitrapQ HP (Amersham Biosciences, Uppsala, Sweden) anion exchange column (5 ml) which had been equilibrated with medium A. The protein was eluted with a linear gradient of 0-0.5 M NaCl for 30 min at a fl ow rate of 2 ml min − 1 . The peak fraction of each BE activity was desalted and concentrated to 0.6 ml by a Centricon 50 centrifugal concentrator (Millipore, Billerica, MA, USA). The concentrated mixture (4 ml) was applied to a TSKgel DEAE-5PW column (7.5 mm in diameter × 75 mm in length, Tosoh Corporation, Tokyo, Japan), which had been equilibrated with medium A. The proteins were eluted with a linear gradient of NaCl concentration (0-0.5 M) in medium A for 60 min at a fl ow rate of 1 ml min − 1 . The peak fraction of BE activity was desalted and concentrated as described above and stored at -80 ° C until use.
Preparation of Chlorella BEII antisera
The Chlorella BEII protein (500 µg) purifi ed on an SDS-polyacrylamide gel was digested with 50 U of enterokinase for cleavage, and the thioredoxin, S and His tags were released from the Chlorella BEII protein. The purifi ed Chlorella BEII preparation was injected into rabbits. The serum raised against the protein was used as a source of polyclonal antibodies for immunoblotting analysis.
Measurement of Chlorella BE in rice grains by Western blot analysis
For measurement of the amount of Chlorella BE by Western blotting, the crude enzyme extract was prepared from developing rice grains at the mid-to late-milking stage by the method of Kubo et al. (1999) .
Analysis of enzymatic reaction products of BE with ae amylopectin
The ae amylopectin, which was used as substrate for the BE reactions, was prepared from starch in mature endosperm of a rice BEIIb-defi cient ae mutant line EM10 by the method of Utsumi and Nakamura (2006) . The BE reaction was conducted at 30 ° C for 1 h in 0.2 ml of the mixture containing 100 mM Na-phosphate buffer (pH 7.5), 1 mM DTT, 128 µg of ae amylopectin, and the recombinant BE from rice BEIIb, BEIIa and BEI, and Chlorella BE. The enzymatic reaction was terminated by boiling the reaction mixture for 2 min, and to a portion of 20 µl was added 60 µl of 1 % I 2 and 0.1 % KI to detect the activity. The glucans in the rest of the reaction mixture were debranched by incubating in a mixture containing 40 mM Na-acetate buffer (pH 4.4), Pseudomonas amyloderamosa isoamylase (2 U; Hayashibara Biochem. Lab., Okayama, Japan) and Klebsiella pneumonia pullulanase (0.9 U; Waka, Tokyo, Japan) at 37 ° C overnight in a total volume of 0.3 ml. The glucan chain length distribution in the resulting mixture was determined after labeling of the glucans with the fl uorescent probe 8-amino-1,3,6-pyrenetrisulfonic acid at their reducing ends by the method of O'Shea and Morell (1996) . 
